b Atlantis II and Discovery are two hydrothermal and hypersaline deep-sea pools in the Red Sea rift that are characterized by strong thermohalo-stratification and temperatures steadily peaking near the bottom. We conducted comprehensive vertical profiling of the microbial populations in both pools and highlighted the influential environmental factors. Pyrosequencing of the 16S rRNA genes revealed shifts in community structures vis-à-vis depth. High diversity and low abundance were features of the deepest convective layers despite the low cell density. Surprisingly, the brine interfaces had significantly higher cell counts than the overlying deep-sea water, yet they were lowest in diversity. Vertical stratification of the bacterial populations was apparent as we moved from the Alphaproteobacteria-dominated deep sea to the Planctomycetaceae-or Deferribacteres-dominated interfaces to the Gammaproteobacteria-dominated brine layers. Archaeal marine group I was dominant in the deep-sea water and interfaces, while several euryarchaeotic groups increased in the brine. Across sites, microbial phylotypes and abundances varied substantially in the brine interface of Discovery compared with Atlantis II, despite the near-identical populations in the overlying deep-sea waters. The lowest convective layers harbored interestingly similar microbial communities, even though temperature and heavy metal concentrations were very different. Multivariate analysis indicated that temperature and salinity were the major influences shaping the communities. The harsh conditions and the low-abundance phylotypes could explain the observed correlation in the brine pools.
T
he Red Sea, a part of the Great Rift Valley, was formed when the Arabian plate split from the African plate. Due to the high surface temperature, excess evaporation, and scarcity of rainfall coupled with a lack of a major source of fresh water influx, the Red Sea is one of the hottest and saltiest seawater bodies in the world. Over the past 40 years, oceanographers have discovered 25 brinefilled deeps in the rift valley of the Red Sea (1) (2) (3) (4) (5) (6) . These deeps are characterized by their anoxic, hypersaline, hyperthermal, and metalliferous conditions at the bottom, representing some of the most unusual and extreme environments on earth (4, (7) (8) (9) .
The deep-sea brine pools Atlantis II and Discovery, which are located in the middle axial rift zone of the Red Sea, represent a rare type of extreme environment with both hypersaline and hydrothermal geochemical characteristics. Since their discovery in 1965, detailed geological and geochemical investigations have been carried out on these two deeps (1) . The Atlantis II Deep is a hydrothermally active brine pool with a temperature that has continuously increased from the earliest record of 44.8°C (1, 10) to the current recorded temperature of 68°C. This increase has been attributed to the influx of hot brine supplied by a geyser spring at the bottom of the Atlantis II pool (11) , which divides the brine into two stratified anoxic layers with substantially different temperatures (12) : the lower convective layer and the upper convective layer. Subsequent surveys revealed the formation of two new convective layers within the previously reported upper layer. The new layers were characterized by near-constant temperatures and salinities, bringing the total number of convective layers to four (13) . Besides the high temperature and salinity, the Atlantis II brine pool is also characterized by its high metal concentration, with trace elements such as iron, zinc, and copper present in concentrations 1,000 times higher than in normal seawater. The high temperature, pressure (due to depths reaching over 2,100 m), and metal concentrations make the Atlantis II brine pool a typical hydrothermal system (14) . More interestingly, this vertical stratification of water temperature and salinity as well as metal contents in the pool increases drastically with water depth. In contrast, the neighboring Discovery Deep, located 7.4 km southwest of the Atlantis II Deep, is a typical brine basin, with a nearly constant temperature of 45°C reported between 1965 and 1998. There has been no reported increase since (15) . The temperature stability in Discovery indicates the absence of any substantial hydrothermal input from the substrata (7, 16, 17) .
Previous studies revealed a great diversity of bacteria and archaea in hypersaline and hydrothermal environments (18, 19) , many of which were novel organisms or were previously unknown to exist in such environments (20) (21) (22) . Studies using 16S rRNA gene sequencing and cultivation methods have shown that novel groups of Archaea and Bacteria thrive in the Kebrit Deep in the Red Sea (23, 24) . Although detailed geological and geochemical investigations have been carried out at the Atlantis II and Discovery Deeps during the last 40 years, information about the microbial communities of these deeps is scarce. To date, only four recent publications have investigated the microbial diversity and composition in the water column above the two deeps and in the sediment (25) (26) (27) (28) . Thus, we adopted a comprehensive approach using 16S rRNA tag pyrosequencing and multivariate statistics to char-acterize the bacterial and archaeal communities of these two deeps in order to answer the following fundamental questions. (i) How do the vertical stratification of physical and chemical environmental conditions shape the microbial community in these deepsea brine pools? (ii) How do the microbial communities respond to the contrasting environmental conditions (the rapidly changing environmental conditions in the Atlantis II Deep versus the relatively stable environmental conditions in the Discovery Deep)?
MATERIALS AND METHODS
Sample collection. Water samples were collected in April 2010 from the Atlantis II Deep (21°20.97= N, 38°04.65= E) and Discovery Deep (21°16.82= N, 38°2.95= E) during the Aegaeo expedition in the Red Sea. A rosette water sampler equipped with 10-liter Niskin bottles and a SIMRAD EK500 scientific echo sounder system that monitors depth were dispatched at each location. A Seabird conductivity-temperature-depth (CTD) device was deployed down to the deep water to measure pressure, temperature, and salinity, but for the brine pools, a high-range CTD device was deployed instead. At the Discovery Deep, water samples were collected from the brine-overlying deep water at 1,800 m (DIS-NDW), the brine-water interface at 2,028 m (DIS-BWI), and the lower convective layer of the brine pool at 2,114 m (DIS-LCL). At the Atlantis II Deep, in addition to these three layers (ATL-NDW at 1,800 m, ATL-BWI at 1,998 m, and ATL-LCL at 2,139 m), water samples were collected from the two upper convective layers at 2,022 and 2,049 m (ATL-UCL1 and ATL-UCL2, respectively) ( Fig. 1 ; Table 1 ). The depth was estimated as a function of pressure (see equation 25 in reference 29). Each water sample collected (10 liters per specified depth at each location) was immediately four layers of stable temperature and salinity were clearly observed and labeled, while for Discovery, a single homogeneous convective layer was observed. An upper convective layer seems to be forming above the lower convective layer of Discovery Deep. Sampling depths are indicated with the arrows on the temperature lines. filtered through a 1.6-m-pore-size glass fiber filter (GF/A; diameter, 125 mm; Whatman, Maidstone, United Kingdom) to remove suspended particles and eukaryotes and then filtered through six 0.22-m-pore-size polycarbonate membranes (diameter, 45 mm; Millipore, Bedford, MA) to capture microbial cells. The polycarbonate membranes were then frozen at Ϫ80°C in 0.8 ml of extraction buffer (40 mM EDTA, 0.75 M sucrose, 0.5 M NaCl, 50 mM Tris; pH 8) and transported back to the Hong Kong University of Science and Technology on dry ice for DNA extraction.
Measurement of environmental parameters and determination of microbial cell count. Environmental parameters, including temperature, salinity, nutrient concentrations (NO 3 Ϫ , PO 4 3Ϫ , Si, and SO 4 2Ϫ ), and metal contents (Cu, Fe, and Mn) were determined on board by the CTD device and a HACH DR/890 portable colorimeter according to the manufacturer's protocol (Hach, Loveland, CO). The total organic carbon (TOC) and total inorganic carbon (TIC) were analyzed using a TOC analyzer in the laboratory (TOC-VCPH/TNM-I; Shimadzu, Kyoto, Japan), and NH 4 ϩ and NO 2 Ϫ were also analyzed in the laboratory (Skalar 4000 analyzer; Skalar, Breda, The Netherlands).
For the total microbial cell counts, a 10-ml aliquot of each sample (3 replicates each) was immediately fixed with formaldehyde at a final concentration of 4% upon collection. The fixed samples were then filtered through black polycarbonate membranes (0.2-m pore size; 25-mm diameter; Isopore; Millipore, Bedford, MA) and stained with 4,6-diamidino-2-phenylindole for 15 min in the dark. Stained cells were visualized by using an Olympus epifluorescence microscope (FSX100, Hamburg, Germany) with excitation/emission filters of 365/420 nm and counted on 10 randomly selected fields.
DNA extraction, PCR amplification, and 16S rRNA gene tag pyrosequencing. The total DNA was extracted and purified using an SDS-based method described by Qian et al. (25) . A set of primers was designed by adding 6 nucleotide barcodes (see Table S1 in the supplemental material) to the universal forward primer U789F (5=-TAGATACCCSSGTAGTCC-3=) and the reverse primer U1068R (5=-CTGACGRCRGCCATGC-3=) for amplification of Bacteria and Archaea (30, 31) . Each 100-l reaction mixture contained 4 units of Pfu Turbo DNA polymerase (Stratagene, La Jolla, CA), 1ϫ Pfu reaction buffer, 0.2 mM concentrations of deoxynucleoside triphosphate (dNTPs), a 0.1 M concentration of each primer, and 20 ng of total DNA. PCR amplification was conducted in a thermocycler (BioRad, Hercules, CA) under the following conditions: initial denaturation at 94°C for 5 min; 25 cycles of 94°C for 50 s, 54°C for 50 s, and 72°C for 50 s; and a final extension at 72°C for 6 min. PCR amplicons were purified using a TaKaRa agarose gel DNA purification kit (TaKaRa, Dalian, China) and quantified with a NanoDrop ND-1000 device (Nanodrop, DE). Amplicons of every sample were mixed and subjected to pyrosequencing on the 454 FLX Titanium platform (Roche, Basel, Switzerland) at the Chinese National Human Genome Centre in Shanghai, China.
Classification and statistical analyses. A downstream bioinformatics analysis was performed using QIIME 1.4.0 (32). All reads had to satisfy the following criteria: (i) no ambiguous bases, (ii) a minimum length of 150 bp, (iii) no homopolymers of 6 bp and above, and (iv) application of a quality window of 50 bp with an average flowgram score of 25. Demultiplexing was done using the barcodes, and then a second round of quality control was carried out using Denoiser (33) . Operational taxonomic units (OTUs) were assigned to qualified reads at 3% dissimilarity using Mothur's average-neighbor algorithm (34) . Representatives from each OTU were selected based on abundance for subsequent analysis. Representative OTUs were de novo aligned using MUSCLE (35) , and a phylogenetic tree was produced using FastTree (36) . Chimeric reads were identified and excluded using ChimeraSlayer (37) after alignment with PyNAST (38) against Silva108 as a reference set (39) . Species diversity, richness, and rarefaction curves were computed at 97% similarity as part of QIIME's alpha diversity pipeline. Four metrics were calculated, including observed species, Chao1 (a species richness index), Shannon index (a diversity index that takes into account abundance and evenness), and Simpson index (a diversity index that measures the probability that two randomly selected individuals selected from the sample will belong to the same group). We also calculated single and double OTUs to quantify the "rare biosphere" in the various samples. Jackknife-supported beta diversity analysis was conducted using both the weighted and the unweighted UniFrac metrics after the samples had been rarefied at the smallest library and then visualized using the unweighted pair group method with arithmetic mean (UPGMA) and principal coordinate analysis (PCoA). A step size of 100 was used, with 100 repetitions at each step. Taxonomy assignment was conducted using the RDP classifier, version 2.2 (40) , against Silva108 with a bootstrap confidence level of 80%. The number of reads assigned to different genera were converted into percentages, which served as the input for Cluster3 (41) . A divergence greater than 0.5% was used to filter out genera with small differences among the samples. The remaining genera were further normalized and centered by mean. Complete linkage method with a metric of correlation (uncentered) was used to generate a hierarchical cluster and a heatmap by using Java Treeview (42) .
Relationship between microbial communities and environment. The correlations between microbial communities and environmental factors were analyzed with ordination methods using the software Canoco for Windows, v4.5 (43) . For both constrained and unconstrained ordination methods, the percentage abundance data of bacterial groups (at the genus level) in each library were used as the species input, and the environmental variables were normalized by log transformation and served as the environmental input. Canoco's automatic forward selection and Monte Carlo permutations were used to build the optimal models of microbe-environment relationship (44) .
Sequence data accession number. The pyrosequencing reads were deposited in the NCBI Sequence Read Archive database under accession number SRA052277.
RESULTS
Geochemical characterization of the sampling sites. Temperature and salinity profiling of the Atlantis II Deep and the Discovery Deep revealed a vertical stratification along both water columns ( Fig. 1; Table 2 ). Temperature and salinity in the normal deep water, defined as the water column between a depth of 1,780 m and the brine interface (the transition layer), were the same at both sampling stations. The interface region between the Red Sea deep water and the Atlantis II and Discovery brine basins was divided into an upper zone and a lower zone. The former is defined from the top by the 1,900-m southern contour and from the bottom by the 1,990-m sill that divides the Atlantis II Deep from the Discovery Deep (45, 46) . This upper zone was outlined by a similar gradual elevation in temperature and salinity above both basins ( Fig. 1) . In contrast, both basins' lower zones showed an accentuated increase in temperature and salinity ( Fig. 1 ). This lower zone extended from the 1,990-m sill to ϳ 2,006 m in the Atlantis II Deep and to ϳ2,056 m in the Discovery Deep. Below a Determined by the temperature and salinity profiles generated by the high-range CTD device. b This is the uppermost convective layer in Atlantis II and was not sampled because of its thinness.
the interface, a total of four convective layers were observed in the Atlantis II brine pool, while the Discovery pool constituted a single homogeneous body of brine ( Fig. 1 ). All layers were sampled as described in Materials and Methods, except the uppermost layer in the Atlantis II Deep, due to its narrow range. Table 2 summarizes the chemical parameters measured. The Atlantis II Deep was richer than the Discovery Deep in heavy metals (Fe, Mn, Si, and Cu), and concentrations increased with depth. Nutrient concentrations, on the other hand, varied along the depth and across sites. In both brines, NO 2 Ϫ , NH 4 ϩ , NO 3 Ϫ and PO 4 3Ϫ concentrations increased with depth, while SO 4 2Ϫ , TIC (which were present noticeably in the normal deep water), and TOC concentrations decreased with depth. Intriguingly, TOC in ATL-LCL was at depletion level, while TIC was relatively high. In contrast, DIS-LCL showed a different TOC/TIC profile, suggesting the presence of an active carbon mineralization process in the Atlantis II Deep and not in the Discovery Deep.
Diversity and species richness of microbial communities. The microbial cell density varied markedly between different layers (Table 2 ) and correlated negatively with Fe, PO 4 , and Cl and positively with TOC (Spearman's rank correlation; P Ͼ 0.05; see Table S2 in the supplemental material). Cell density was the highest in both transition layers and ATL-UCL1, up to 12-fold higher than that in the normal deep water (Table 2) . Meanwhile, the lower layers harbored the lowest cell counts (Table 2) .
Using 454 pyrosequencing targeting the 16S rRNA gene-V6 tag sequences, more than 190,000 qualified reads (18,867 Archaea, 162,870 Bacteria, and the remaining 10,600 unclassified; Table 3) , with an average read length of 280 bp, were obtained from the Atlantis II Deep and Discovery Deep. Bacteria were the major constituents of the microbial communities in both deeps, with the percentage ranging from 72% in ATL-BWI to 96.1% in ATL-LCL. The proportion of reads classified as Archaea varied between the different layers within and between the sampling locations, with the highest proportion being in ATL-BWI (23.4%) and the lowest in DIS-BWI (1.3%). No correlation was drawn between the relative proportion of Bacteria or Archaea with depth (both Spearman and Pearson correlations, P Ͼ 0.05).
Bacterial rarefaction curves plateau or nearly plateau for all the alpha diversity metrics used: observed species, Chao1, Shannon index, and Simpson index (see Fig. S1a to d in the supplemental material). Overall, the curves reveal higher diversity in the deeper layers of the brine pools. Conversely, rarefaction curves for the archaeal amplicons suggest that more sequencing effort is required for most layers in both sites (see Fig. S1e to h). Likewise, though, the deepest layers harbor higher archaeal diversity than the brine interface or the overlaying deep-sea water. It is interesting that the samples collected from the brine layers were the highest in diversity according to both Shannon and Simpson indices for both bacterial and archaeal reads, indicating more evenness in the brines. The agreement between Shannon and Simpson indices and the Chao1 and observed-species metrics was further confirmed using Pearson's correlation (see Table S3 in the supplemental material).
Bacterial community structure revealed by 16S rRNA gene pyrosequencing. A high percentage of reads from the convective layers of both sites could not be assigned to any phylum, but 43 bacterial phyla were detected in the samples, of which four were ubiquitous in all layers in both locations (Fig. 2a) . Proteobacteria was the most abundant phylum in all but DIS-BWI. Relative abundance estimations of the underlying classes reveal a changing relationship with depth. Alphaproteobacteria, dominated by the SAR11 clade, was the main class in deep-sea water, while Gammaproteobacteria, dominated by Alteromonadales and Oceanospirillales, was predominant in the lower convective layers (Fig. 2b) . The SAR406 clade (phylum Deferribacteres) was abundant in the deep-sea water and brine interface samples but diminished in abundance almost entirely in the brine pools (see Fig. S2 in the supplemental material). On the other hand, the number of Bacteroidetes increased with depth (Fig. 2a) . Careful inspection of over 53 affiliated minor genera indicated a situation where the bacteria were ubiquitous, not a dramatic depth-related hike (see Fig. S2 , although minor groups are not shown). Two groups with high read numbers from the phylum Chloroflexi showed different vertical distributions. While one group associated with an uncultured member of the Anaerolineales was present in all of the sampled layers (prominent in DIS-BWI and ATL-UCL1 samples from the same depth); the SAR202 clade was exclusive to the deep-sea water and brine interface layers. Amplicons classified as "Candidatus Scalindua" and an unclassified "Candidatus Brocadiales" group (phylum Planctomycetes) were exclusively present in the two brine interfacial samples and ATL-UCL1 (see Fig. S2 ), albeit at a level 20 times higher in DIS-BWI. Other less abundant groups, such as W4 (order "Candidatus Brocadiales"), were exclusive to ATL-UCL1, while groups such as the PIR4 lineage, Planctomyces, and Rhodopirellula favored the convective layers of the brine pools (see Fig. S2 ).
Archaeal community structure as revealed by 16S rRNA gene pyrosequencing. Archaea accounted for nearly 10% of the total read number. The ATL-BWI contained the highest archaeal proportion, followed by the deep-sea water samples, while DIS-BWI and all convective layers contained relatively low archaeal counts. Crenarchaeota and Euryarchaeota were the only two phyla found in both sites. Marine group I (MGI), which was the major group in Crenarchaeota, was abundant in the NDW and BWI samples but was dramatically lower in the brine pools (Fig. 2c) . Diversity in the phylum Euryarchaeota was high because several minor groups were present, including "Candidatus Parvarchaeum," the deep sea euryarchaeotic group (DSEG), deep sea hydrothermal vent group 6, Halobacteriales, marine group II, and marine group III. Thus, the euryarchaeotic groups appeared to favor the brine pool samples. Despite the low count, vertical stratification was clear in both sites (see Fig. S3 in the supplemental material).
Similarities between microbial communities: ␤ diversity.
Overall, a clear separation between the deep-sea samples and the brine pool samples was evident, as demonstrated by the weightedUniFrac UPGMA and PCoA (Fig. 3) . The DIS-BWI sample is a notable exception that appears to be unique. Interestingly, within the brine subtree, the lowest convective layers show the most resemblance irrespective of the site (Fig. 3) . ATL-UCL1 and ATL-BWI were clustered together, albeit with a large distance. Unweighted UniFrac, UPGMA, and PCoA show a clustering that is largely consistent with that obtained with weighted UniFrac but with longer nodes (see Fig. S4a and b in the supplemental material).
Comparison to previous work. Previous work analyzed the metagenomes of samples collected in 2008 from a comparable depth (Ͼ2,100 m) in both brine pools (26) . Extracted 16S rRNA gene fragments were taxonomically assigned, revealing abundant bacterial taxa shared between the brine pools. Some genera, such as Cupriavidus and Ralstonia, were abundant in both pools, while other genera, such as Acinetobacter, Mycobacterium, and Alkanindiges, were more abundant in Atlantis II than Discovery. No statistical analysis was provided to demonstrate the similarities or differences between the metagenomes.
In this study, we re-examined the metagenomes in a taxonomical framework and conducted a brief temporal comparison. Data were uploaded to the MG-RAST server for analysis, and 16S rRNA genes were downloaded and statistically analyzed using the STAMP package as described in Materials and Methods. We (26) . In the samples in the present study, Archaea were present in all layers at both sites in various proportions. a Samples were rarefied at the smallest libraries, and results were averaged over 100 repetitions. In Atlantis II, all metrics more or less agree that bacteria and archaea have higher diversity in transition zones and the brine layers than in normal deep water. In Discovery, the LCL was consistently the highest in diversity for bacteria and archaea, followed by NDW and then BWI (with some differences between species richness and diversity indices). The number of unclassified reads was 10,600. b The Simpson index used here is the Gini-Simpson index.
Relationship between microbial community and the environment: a statistical perspective. Detrended correspondence analysis (DCA) was initially performed to determine the nature of the underlying bacterial and archaeal genera response and the appropriate statistical model to examine the influence of the environmental conditions on the microbial community. The length of the longest estimated gradient indicated that a linear model is more suitable for the present data (for both bacteria and archaea). For the bacterial data, a combination of temperature, salinity, and SO 4 2Ϫ , Si, and Mn concentrations produced the highest correlation with the first and second axes (see Table S4 in the supplemental material). Subsequently, redundancy analysis (RDA) was restricted to these environmental parameters.
Bacteria that thrive in the overlying deep-sea water, such as SAR406, SAR11, SAR423, S25-593 (Rickettsiales), and DA023 (Acidobacteria), showed a highly negative relationship with temperature and a positive correlation with SO 4 2Ϫ concentration (Fig.  4) . Conversely, several bacteria, including the Aegean 169 marine group, Moritella, "Candidatus Scalindua," the SUP05 cluster, Nitrospina, Marinomonas, Planctomyces, and Sulfurimonas, showed a preference for the convective layers, and their presence correlated positively with temperature, salinity, and Si and Mn concentration (Fig. 4) .
RDA analysis of the archaeal data revealed a similar set of environmental variables that statistically influenced the archaeal community. Colinearity between environmental variables was evident, further complicating efforts to identify a factor that truly influences archaeal composition in the brine pools. The first axis separated temperature, salinity, and Si and Mn concentrations from SO 4 2Ϫ and TIC concentrations. Three main archaeal clusters were observed: (i) a group including MGI and MGIII correlated negatively with temperature but positively with SO 4 2Ϫ and was prominent in the NDW samples and ATL-BWI; (ii) the second group, including DSEG, an unclassified Halobacteriales, Halorhabdus, and Halococcus, was dominant in DIS-LCL and correlated negatively with TIC but showed no correlation with other factors; and (iii) the remaining majority, including MGII, "Candidatus Parvarchaeum," GOM arc I, and others, correlated with temperature, salinity, and Mn and Si concentrations (Fig. 4) .
DISCUSSION
Physicochemical and geographical settings in Atlantis II and Discovery Deeps. This study investigated and compared the microbial communities in the geographically adjacent Atlantis II and Discovery brine pools in the Red Sea by using 16S rRNA gene tag pyrosequencing technology. Our results shed some light on possible interactions between microbial community structures and environmental conditions in the following respects.
First, the hydrographic profiles show that little or no change has occurred in either brine pool over the last 15 years (7, 13, 15, 17) . The highest temperatures recorded during the 2010 Aegaeo expedition were 68.3°C in ATL-LCL and 45°C in DIS-LCL. These temperatures are similar to those measured during the 2008 Oceanus expedition (26, 46) . No new thermal stratification was observed in Atlantis II beyond the already-reported layers (47) . In Discovery, a thin region within the DIS-BWI lower zone (2,038 to 2,044 m) showed a slower increase in temperature and salinity than the surrounding regions (Fig. 1b) . This suggests that a new convective layer could be forming slowly. This new convective layer would be the equivalent of and at the same depth as ATL-UCL2, which is located immediately above ATL-LCL. Overall, the relatively stable conditions in both the Atlantis II and Discovery brine pools over the last 2 decades (from 1992 to 2010) may have allowed the microbial community to adapt and flourish. Second, the upper boundary of ATL-LCL is at the same depth as that of DIS-LCL (ϳ2,057 m). This implies that the processes that formed the convective layers in one brine pool are somehow related to the other's, perhaps due to a historical physical connection (48) . However, ATL-LCL was rich in iron, manganese, copper, and silica, while DIS-LCL had barely detectable levels of iron and low concentrations of manganese and silica. These significant differences are counterintuitive if we are to assume the existence of a connection between the lower zones of the brines.
Overall, over the last 15 years temperature and salinity have remained relatively stable in the stratified layers at both sites. Starting from the surface to the deep sea above the brine pools, the temperature profile is within the normal range (25) , in which temperatures gradually drop to zero as depth increases. Here, we have unusual bodies of brines that reverse the trend, so that temperature increases with depth. The concentrations of heavy metals and nutrients varied from one layer to another and across sites. We therefore hypothesized that the microbial communities should exhibit (i) substantial differences within layers of the same site, (ii) significant similarities between equivalent layers across sites at the top of the brine, and (iii) dissimilarities between the lower layers of the brine pools.
Diversity, composition, and similarity of microbial communities. Alpha diversity estimations revealed a higher diversity in the lower convective layers of the brine pools where cell count is lower (Table 2 ) than in the deep-sea or the transition zone samples (Table 3 ). In the brine pools, temperature (up to 68°C), salinity (up to 248 practical salinity units [PSU]), and pressure (20 MPa) are high, and survival pressure is in favor of halo-and thermophilic (49, 50) and perhaps even piezophilic or pressure-tolerant microbes (51) (52) (53) . It is therefore rather surprising to observe a higher diversity here.
We observed an increase in the single-and double-OTU diversity along the depth (see Fig. S8 in the supplemental material) . These low-abundance members of the "rare biosphere" explain the higher diversity in the lower convective layers of the brine pools (54) . Conflicting conclusions about the source of these lowabundance populations have been reported in the literature. Some argue for a cosmopolitan distribution due to downward dispersion of highly abundant groups (55, 56) , while others argue for a biogeographical distribution governed by physical boundaries and environmental gradients (57) . In the extreme and oligotrophic conditions of the brine pools, microbes perhaps tune in to survival mode by activating stress responses and detoxification and repair mechanisms. Consequently, no single genus is able to outcompete and dominate successfully (58) (59) (60) (61) , hence the higher diversity and absence of highly abundant groups.
In normal deep water, where conditions are far less extreme, highly abundant groups did emerge as expected. The highest microbial count was observed in DIS-BWI (Table 2 ), but the estimated ␣-diversity was the lowest (Table 3) . This is an indication of the presence of highly abundant or even specialized groups, such as Planctomycetes, thriving under favorable conditions. Gammaproteobacteria and several minor classes, including Flavobacteria, dominated the microbial communities in the convective layers (Fig. 2b) .
Moritella is a genus of psychropiezophilic bacteria (62-64) that attained its highest relative abundance of associated reads in the lowest convective layers. To our knowledge, this is the first time this genus has been found under hydrothermal conditions, warranting further work to identify the members of this genus.
The SUP05 group of Gammaproteobacteria, which also had a higher relative abundance in the brine convective layers, are sulfur-oxidizing chemolithoautotrophic bacteria that have been nities. The numbers correspond to the genera in the keys at right and are ranked according to abundance. Environmental parameters were selected in a parsimonious manner using a DCA preassessment analysis whereby parameters are added in order of highest variation explained to saturation. Bacterial and archaeal genera were selected against an abundance threshold of 0.01% in at least one sample.
found in hydrothermal vents and minimum-oxygen zones (65) . A recent study suggested that SUP05 bacteria may depend heavily on H 2 oxidation as an energy source (66) . Furthermore, the metagenome of this cluster harbors a versatile repertoire of genes mediating autotrophic carbon assimilation, sulfur oxidation, and nitrate respiration (67, 68) . This highlights the genomic plasticity of these bacteria and their ability to deploy versatile metabolic machinery to survive and adapt to the extreme conditions in the brine pools (66) .
We put forward two alternative explanations to rationalize the low number of reads assigned to Archaea. (i) The primers used in the PCR amplification were a source of bias. The problem of primer bias is discussed below. (ii) The low archaeal count was in fact a true indicator of low archaeal presence in the presented samples.
Beta diversity analysis revealed a strong resemblance of the microbial communities from the normal deep water samples in both sites (Fig. 3) . This is likely a result of the near-identical environmental conditions in the deep-sea water in both sites, due to water circulation between the two sites.
The type of abundant Bacteria and Archaea at the interface of the two deeps differed dramatically, despite the similarities observed in the deep-sea water above. The Discovery basin is 7.4 km southwest of the Atlantis II SW basin. The two brines are separated by a sill at a depth of around 1,990 m (45, 46) . Our BWI samples were collected roughly 8 and 38 m below the sill from the Atlantis II Deep and the Discovery Deep, respectively. The observed temperature and salinity gradient within both interfaces may cause large shifts in the microbial community within short distances. It is therefore a challenge to compare the microbial community across sites on equal grounds. The microbial community in DIS-BWI bore the least resemblance to all other samples studied. Planctomycetes were uniquely abundant in this layer (Fig. 2a) . Overall, the transition zone was characterized by steep changes in environmental conditions, which might have contributed to the drastic changes in the microbial communities observed within short distances.
In contrast, the microbial communities in the lower convective layers of both sites were surprisingly similar, given the striking differences in heavy metal contents and temperature between ATL-LCL and DIS-LCL. An existing physical connection is unlikely, unless fluid exchange between the brine pools could somehow allow only microbial passage and not that of heavy metals. The absence of dominant genera in both layers from both sites suggests that microbes are in survival mode in this anoxic, nutrient-limited environment. Another possible explanation is that microbial communities in the lower convective layers of both brine pools share an origin (when both brine pools were connected in the past) and have somehow been preserved via unknown mechanisms. Additionally, it is possible that the source of the microbial community in either of the brine pools is a bottom-up migration of microorganisms from the sediment into the brine water (27) . The subsequent lateral and vertical distribution was probably governed by turbulent convective mixing in the uniform layers (reference 46 and references therein) and through vent injections across layers (69) .
ATL-UCL2 is separated from ATL-LCL by an ϳ5-m transition zone that was characterized by a sharp increase in temperature (57 to 68°C) and salinity (157 to 244 PSU), but our sampling depths from the two layers were 90 m apart. Furthermore, ATL-LCL showed the highest levels of heavy metals, which were significantly different from those in ATL-UCL2. The largely similar microbial communities in both brine layers under such drastic different environmental settings were unexpected and may be due to slow vertical diffusion or vent injection (69) or simply due to the fact that these two layers were once one body of brine that has been segmented into different layers by double diffusion (47) . A common pool of microbes would have been separated in the formation of the brine layers.
The microbial community in ATL-UCL1 was different from the other convective layers, as demonstrated by weighted and unweighted UniFrac (Fig. 4) . Indeed, a closer inspection revealed a transitional-type community where some phyla increased in abundance and others dropped, compared to ATL-BWI and ATL-UCL2. The transitional-type community in ATL-UCL1 may be attributed to the intermediacy of this layer in terms of environmental parameters between ATL-BWI and ATL-UCL2 and the ability of certain microbes to survive within a range of conditions.
Comparison to previous work. Wang et al. (26) captured a snapshot of the microbial communities in the lowest layers of the brine pools. Those authors correlated functional data predicted from the metagenomes to the environment therein. They also provided a brief taxonomical overview of the microbial community, albeit one based on a limited number of extracted 16S rRNA gene fragments. When the present data were compared with the previous data, some differences were observed. We attribute these differences to the following possible reasons. (26) to obtain sufficient quantities of DNA for pyrosequencing. WGA has been shown to introduce bias in metagenomic analysis, leading to erroneous abundance-based conclusions (70, 71) . The extent of the bias cannot be predicted currently. (iv) Primer-based PCR that targets 16S rRNA genes is a source of bias in the present study. Here, the primers were assessed in silico using TestPrime 1.0 (http: //www.arb-silva.de/search/testprime) against nonredundant Silva114 (coverage: Archaea, 88.1%, and Bacteria, 89.5%) and using PProspecter (72) against 97%-clustered representatives of the Greengenes 12.10 data set (coverage: Archaea, 94%, and Bacteria, 92%). Both tools estimated good coverage of both Archaea and Bacteria. Indeed, the in silico coverage of the primer pair used here was 92.7% (of 192 genes) and 79.5% (of 224 genes) for the Cupriavidus and Ralstonia (the abundant genera in the 2008 metagenomes) rRNA genes in the Silva114 database. Additionally, Archaea was detected in all of the current Atlantis II samples, as detailed in Results. (v) If we ignore bias, errors, and sampling and technical differences, the apparent shift in the communities was probably either the result of temporal shifts in the microbial populations or a manifestation of niche-specific communities. Regardless of the above, we aim to demonstrate the microbial stratification in these unique deep-sea brine pools.
Relationship of the microbial communities with the environment. Given the variation in the environmental factors with depth, we hypothesized a strong causal relationship between the environment and harbored microbes. Temperature and salinity are the distinctive features of these brine pools and are expected to exert a strong selective pressure. Results from the multivariate analysis techniques (RDA analysis) for both Bacteria and Archaea highlight a clear separation of microbes inhabiting the normal deep water from those in the brine pools (Fig. 4) . Temperature and salinity were identified as the major environmental factors affecting the microbial community in the brine layers where Bacteria such as the Aegean 169 marine group, Moritella, "Candidatus Scalindua," the SUP05 cluster, Nitrospina, Marinomonas, Planctomyces, and Sulfurimonas were abundant. Indeed, these genera are extremophiles adapted to extreme and harsh environmental conditions. For instance, "Candidatus Scalindua" and other related anammox bacteria were previously found in oil fields with temperatures ranging from 55 to 75°C (73) . The psychropiezophile Moritella profunda was found in regions of high pressure and cold temperatures (74) , but a recent study demonstrated that the enzyme dihydrofolate reductase in Moritella profunda has subtle structural changes that allow it to remain active under high pressure and temperatures up to 80°C (75) .
On the other hand, in the deep-sea water, SO 4 2Ϫ concentration explained a significant proportion of the microbial variation, as it correlated positively with abundant genera. However, SO 4 2Ϫ was highly negatively correlated with temperature and salinity (Fig. 4) . Hence, the lower temperature and salinity could be the real factors promoting growth of bacterial and archaeal groups such as SAR406 and SAR11 Deep1, SAR423, S25-593, DA023, MGI, and MGIII in the normal deep water.
The decrease of sulfate concentrations in the lower convective layers may be partially explained by sulfate reduction. We found in our data that some of the OTUs were assigned to sulfate-reducing bacteria (SRB) from the orders Desulfarculales, Desulfobacterales, Desulfovibrionales, and Desulfuromonadales. In fact, a sulfate-reducing Desulfovibrio strain was successfully isolated from the brine-seawater interface (76) . Furthermore, the detection of an anaerobic methanotrophic archaeal group in the lower brine layers also supports the possible existence of syntrophic sulfate reduction. Despite the preferential presence of the aforementioned SRB in the lower layers of the brine pool, their abundance was low.
We believe that sulfate was chiefly depleted as a result of geochemical processes. The mixing of calcium-rich hydrothermal fluids with sulfate-dissolved brine water generates anhydrite (CaSO 4 ) that then precipitates to the bottom of the pool (77) (78) (79) ). An alternative scenario could be diffusion coupled with the salinity gradient of sulfate from the lower layers up to the upper layers of the brine and the deep-sea water (80, 81) .
Previous work demonstrated that the SAR11 clade is by far the most abundant group in surface waters and the mesopelagic zone (82) . Indeed, this group was the most abundant within Alphaproteobacteria in the deep-sea water (at depths over 1,800 m) in both sites. SAR11 is believed to play an important role in the mineralization of dissolved organic carbon (83, 84) . Notably, the abundance of SAR11 in the deep water samples coincided with the depletion of TOC and an increased concentration of TIC with reported low O 2 concentrations (Table 2) (7), yet their abundance greatly diminished at the interfaces and in the main body of the brine pools, where conditions are suboxic and anoxic, respectively (7, 46) . Phosphorus is also an important limiting nutrient in the oceans (85) (86) (87) (88) (89) . Phosphate uptake in oligotrophic zones has been attributed to SAR11 and the cyanobacterium Prochlorococcus (90) . The higher concentration of phosphate in the Discovery Deep water may explain the higher abundance of SAR11 in those samples.
Unfortunately, O 2 concentrations were not measured at the time of sampling, and so we cannot confidently comment on implications for the microbial community. However, previous studies did measure O 2 levels (7, 46) . The conditions in the water column changed from oxic in the deep-sea water to suboxic at the interface to anoxic in the brine layers, respectively. Therefore, the low presence of the SAR11 bacteria (aerobic) in the brine layers and interfaces, as opposed to their significant presence in the deep-sea water, could be as a result of anoxia in the brine pools. Also, the marine group A bacteria (SAR406 clade) were particularly abundant at the brine interface and in the deep-sea samples, especially in ATL-BWI (oxic/suboxic), but not in the brine convective layers (anoxic). This suggests that these bacteria are microaerophilic. On the other hand, the SUP05 bacteria were detected in all layers, but their concentrations nearly doubled as depth increased. SUP05 from hydrothermal vent plumes in the Guaymas Basin were shown to possess genes that enable it to use oxygen in oxic and microoxic conditions (66) , which could mean that these bacteria are facultative. Overall, O 2 levels in the water column may well be a significant factor in causing stratification. However, we could not confidently make this conclusion, as measurements were not available.
Nitrogen cycle. The archaeal community in the deep-sea water of both sites was dominated primarily by the MGI which is recognized as an abundant archaeal group in meso-and bathypelagic zones (91) . It is an active ammonia oxidizer (92) that can survive under various environmental and nutritional conditions (93) . In ATL-BWI, MGI doubled in terms of relative abundance (double to triple in terms of read count). The concentration of ammonia in the normal deep water of both sites was very low (Ͻ0.009 mg/ liter) in comparison with that of the brine waters. Similarly, a low ammonium concentration was observed in ATL-BWI (0.01 mg liter Ϫ1 ), where MGI was highly abundant, whereas ammonium concentration increased in DIS-BWI (1.13 mg liter Ϫ1 ) and MGI abundance was very low. The good negative correlation between ammonium concentration and MGI abundance suggests possible ammonium consumption by the microbes therein via oxidation (94, 95) . This is in good agreement with the model that argues that archaea play a more critical role in nitrification and the marine nitrogen cycle than previously believed (95) (96) (97) (98) .
Anammox is an important reaction in the nitrogen cycle whereby ammonium is oxidized into dinitrogen gas in the absence of oxygen with nitrite as the electron acceptor (99, 100). The extent and interplay of ammonium and nitrate biotic depletion and possible renewal through diffusion from the brines' higher concentrations are unclear, given that the ammonium concentration in DIS-BWI was nearly equal to that of nitrate (1.13 mg liter Ϫ1 and 1.40 Ϯ 0.30 mg liter Ϫ1 , respectively). Untangling the complex substrate-intermediate-product relationship with the responsible microbes is rather challenging. Based on microbial abundance and nutrient concentration measurements, we suspect that "Candidatus Scalindua" competed well in DIS-BWI, reflected by its considerable presence with the near absence of the crenarchaeotic MGI, whereas in ATL-BWI, "Candidatus Scalindua" was outcompeted by the abundant MGI. However, we cannot confidently say that the differences in abundance of these two groups were a result of competition for resources under suitable environmental conditions, because the ammonium concentration in DIS-BWI was higher than that in ATL-BWI.
Concluding remarks. This study investigated the variation in the microbial community in the Atlantis II and Discovery brine pools relative to their highly stratified environments. We found that the types and abundance levels of prokaryotes in the Red Sea deep water above the brine pools were very different from those within the layers of the brines and the intermediate interface regions. Alphaproteobacterial groups such as SAR11 and the crenarchaeotic MGI were the dominant microorganisms in the normal deep-sea water, whereas gammaproteobacterial and euryarchaeotic groups were more abundant in the brine lower layers. The members of these distinctive communities probably adapted and evolved due to the influence of the highly stratified environment in which they live. Ordination analysis indicates that temperature and salinity were the most likely influential factors affecting the microbes. These are the same factors that cause the stratification in the brine pools.
We also compared the results from both sites to investigate the interactions and relationships between the brine pools and the possible coevolution of the microorganisms therein. The communities in the deep-sea water shared the highest resemblance, followed by the communities in the lowest convective layers. Water flow between the sites and similar environmental conditions in the deep-sea water may explain the first instance; the large differences in temperature and heavy metals in the lower regions of the brine pools made for the opposite case in the second instance. We attribute these similarities to the common origin of these microbes predating the brine pools and the bottom-up and/or the top-down migration of microbes. The migrating low-abundance microbes may become abundant in the new environment. The harsh environment might also have played a role in suppressing competition and sustaining the observed diversity.
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